Introduction
============

Chronic pulmonary regurgitation (PR) is frequent sequelae after repair of tetralogy of Fallot. Chronic volume overload of the right ventricle, due to PR, causes ventricular dilatation and impairment of systolic and diastolic function. In the long term follow-up, PR causes atrial and ventricular arrhythmia, heart failure, and increased the risk of sudden death. An implantation of the right ventricle to pulmonary artery (PA) conduit is currently a well-established method of repair of various right ventricular outflow tract (RVOT) pathologies, including tetralogy of Fallot, pulmonary atresia and others. However, conduits have some limitations, as well. The inevitable degenerative changes of conduit lead to RVOT obstruction, PR and progressive conduit stenosis, due to somatic growth. It requires conduit replacement 10-15 years after the operation.

Since Bonhoeffer et al.[@B1]-[@B3] reported the first percutaneous pulmonary valve implantation in humans, many patients received this procedure and has been an attractive alternative method of conduit replacement. This valve is made of bovine jugular vein sewn within a balloon expandable stent (Cheatham-Platinum stent) and hand-crimped on a balloon in balloon catheter ([Fig. 1](#F1){ref-type="fig"}). There is growing evidence of efficacy and safety for treatment of various congenital heart diseases, including PR and RVOT stenosis.

The Melody transcatheter pulmonary valve (Medtronic) received US Food and Drug Administration approval for human device exemption use in January 2010 and the Edwards SAPIEN transcatheter heart valve is still in clinical trials in the United States.[@B4]-[@B6] The SAPIEN transcatheter heart valve is larger in size than Melody valve. Others, like the Shelhigh injectable stented pulmonic valve and Edwards-Cribier percutaneous heart valve is clinically undergoing investigation.[@B7][@B8] This article reviews the benefits and risks of percutaneous pulmonary valve implantation.

Benefits of Percutaneous Pulmonary Valve Implantation
=====================================================

Despite numerous studies of clinical outcomes in patients with postoperative RVOT dysfunction, the optimal timing of pulmonary valve replacement (PVR) and appropriate methods of treatment before irreversible dysfunction of right ventricle has not been determined. Clinical symptoms, including exercise intolerance, ventricular arrhythmia, and echocardiographic findings, such as progressive right ventricular (RV) dilatation and dysfunction, have been used as indications for operation. But there are concerns regarding the time being too late for restoration of the RV function. Therrien et al.[@B9] reported that post-operative RV remodeling, after PVR, may not occur in patients with RV end-diastolic volume \>170 mL/m^2^ or endsystolic volume \>85 mL/m^2^. Early PVR is safe and may prevent the detrimental complications of severe PR and improve long-term prognosis of the patients with PR. Although there is clear evidence that PR and RV pressure overload are deleterious, the incremental effects of progressive and increasingly chronic RV volume and pressure overload may be difficult to evaluate. Therefore, some investigators recommended early PVR surgery for PR, even absence of RV dilatation or dysfunction. Surgical conduit or PVR is the established standard treatment of care; nonetheless, patients with PR or RVOT conduit stenosis are often managed medically for many years before referral for surgery. The bovine jugular venous valved conduits have been used for RVOT reconstruction, but life span of the prosthetic conduits is limited. Calcification, stenosis, intimal proliferation, and graft degeneration causes progressive stenosis or regurgitation. Further, there still exists the morbidity of reoperations and the need to replace these valves surgically, particularly, when they are implanted at a young age.

The availability of less invasive options for PVR, such as transcatheter valve implantation, may provide a means of limiting the duration and severity of RV volume and/or pressure overload without increasing the lifetime number of open heart operations. The transcatheter intervention for PVR is less invasive, low risk of bleeding and infection, as well as low costs compared with surgical procedures. Also, there is significant improvement in exercise capacity and gas exchange efficiency during exercise after transcatheter valve implantation.[@B10][@B11]

Indications and Contraindications
=================================

There are many indications by authors; recent indications were summarized in [Table 1](#T1){ref-type="table"}.[@B12][@B17][@B28] The patient selection for percutaneous transcatheter pulmonary valve implantation is crucial to the success. The most common cause of PR during late follow-up is tetralogy of Fallot and its variants. When associated with pulmonary atresia, a valved conduit is used for RVOT reconstruction. During late follow-up, RVOT obstruction may develop for many kind of reason. For relief of RV pressure overload, due to stenosis, balloon dilatation and stent implantation have been successfully used in the conduits.[@B13] However, stent implantation alone cannot relieve PR and it may result in the exacerbation of the RV dysfunction. The limiting factor for valve implantation is the nature of RVOT and the size of conduit. Khambadkone and Bonhoeffer[@B14] reported that in patients with tetralogy of Fallot, native outflow tract with repair of only valvotomy or valvectomy may not provide secure landing zone. In case of outflow tract patch or transannular patch, the outflow tract tends to be dilated and may not have any secure implantation point. A large conduit, which is larger than the fully expanded dimension of the valve, is not good for device implantation. If the RVOT diameter is more than 22 mm, the implanting zone is unlikely to hold a stent. Small sized conduit, especially below 16 mm, which cannot be dilated to the diameter of the device. So, assessing the RVOT diameter is very important.

Khambadkone[@B15] summarized the indications as follows, 1) symptomatic patients with severe PR with RV dysfunction and/or dilatation, 2) patients with symptomatic arrhythmias and severe PR with RV dysfunction/dilatation, 3) severe PR and evidence of RV dysfunction and objective evidence of decreased exercise tolerance in asymptomatic patients, 4) patients with moderate or severe PR and additional lesions (residual ventricular septal defect, branch PA stenosis and tricuspid regurgitation) needing intervention, with or without symptoms, 5) asymptomatic patients with severe RVOT obstruction (RV pressures equal to or more than three-fourth systemic pressure) with or without PR, and 6) symptomatic patient with RVOT obstruction (RV pressure more than half of the systemic pressure) with or without PR.

Active infection is an absolute contraindication for this procedure. Care should be taken to get the previous history of conduit endocarditis, because endocarditis, within the conduit, can be underdiagnosed and may remain dormant, despite negative blood cultures and inflammatory markers. Because coronary artery abnormalities are not uncommon, computerized tomography (CT) angiography or MRI should be done before catheterization. Patients less than 20 kg pose higher risk of complications and pregnancy is also contraindication.

Complications
=============

The most frequent complications are stent migration and fracture. The conduits sometimes lie behind the sternum and this lead to external compression by the sternum and adhesions to the anterior chest wall. The stent fractures occur frequently, and require repeated balloon dilatation, another stent implantation or operation ([Table 2](#T2){ref-type="table"}). Peng et al.[@B13] reported stent fracture occurred in 43% of the patients who underwent cardiac catheterization before a conduit replacement surgery. The risk factors were external compression and substernal conduit location. Nordmeyer et al.[@B16] reported that stent fractures occur in about 20% at the 2 year follow up, and substantial number of stent fractures occurred during the first 180 days. Associated risk factors for stent fractures were implantation into native RVOT, absence of calcification along the RVOT and greater recoil of valve after implantation. Zahn et al.[@B17] reported stent fracture rate of 28% during the 6 months follow-up, and it resulted from excessive external loading forces. Restenosis of the valve may result from the stent fracture and it can be evaluated by X-rays, echocardiography or CT. To reduce the stent fracture, presenting the conduit with bare-metal stents before implanting the valve is now widely accepted.[@B18]-[@B21] The principle of presenting is to reduce the compressive stress on the valve and preparing the landing zone of the valve with strong metal stents. It is also helpful in successfully relieved stenosis, particularly, where significant recoil is seen after predilation. In patients with conduit stenosis, predilation with high pressure balloon can be helpful because it allows for easier implantation of the stent through large sheath.[@B15]

Valve migration is a fearful complication, as well. Predictors of percutaneous pulmonary valve migration or embolization have never been clearly reported. Some expert opinion suggested that valve-size mismatch, difficulty with catheter manipulation, suboptimal implant location and RVOT hypermobility may be great cause of stent migration or embolization.[@B22] The management of percutaneous valve migration is variable and dependent on the size and location of the valve. If the valve migrates distally, it can be solved by expanding the valve within the branch PA. However proximal migration to the right ventricle requires surgical approach, because reposition of the valve back into the inferior vena cava (IVC) is usually not possible, due to large valve size and small IVC diameter.

After percutaneous valve implantation, stent embolization occurred not uncommonly. It occurs immediately after the procedure, some cases occur after a few months later. Meticulous follow-up is important and careful monitoring of sudden symptom of chest discomfort or arrhythmia is required.

And the most serious complication is coronary artery compression with stent and/or valve implantation. It is essential to assess the risk of coronary artery compression when placing a RVOT stent or percutaneous valve implantation. In case of RVOT reconstruction, such as tetralogy of Fallot, coronary arterial anatomy may be anomalous and care should be taken during the procedure.[@B23] If the RVOT conduit passes directly over a major coronary branch, the coronary artery can be compressed because of rigid stent expansion. Sridharan et al.[@B24] and Biermann et al.[@B25] reported a significant coronary artery compression, which was demonstrated by balloon inflation within homograft to maximum diameter and simultaneous selective coronary angiography. If there are suspicions of coronary artery compression, selective coronary angiography with simultaneous ballon inflation in the RVOT is the key procedure to assess the spatial relationship between the coronary artery and stent.

Endocarditis is a fearful complication, as well; aseptic environment is important and treat patients with appropriate intravenous antibiotics. Other complications are bleeding, hematomas, fever, infection, right bundle branch block, and etc.

Medium-Term Follow-Up Results
=============================

After valve implantation, the RV systolic pressure and outflow gradient fall there is a significant improvement in PR. The results of the most recent large studies are listed in [Table 1](#T1){ref-type="table"}. During the follow up, there is early device failure (Hammock effect, stent fracture, residual stenosis), which leads to recurrent RVOT dysfunction. It is clinically important to know the mechanism of RVOT dysfunction and to know the treatment method to restore RV dysfunction. Lurz et al.[@B26] reported about learning curve in the procedure. They compare the results of pulmonary valve implantation between the early and late period that freedom form reoperation was significantly longer in the later period. They discussed about some factors regarding the contribution factors. One is reduced incidence of residual gradients. A postprocedural gradient \>25 mm Hg after the procedure was risk factor for reoperation. So, they dilate with balloon aggressively after the valve implantation. The other factor is patient selection criteria, which is stricter than the early period. They consider careful evaluation of conduit type, RVOT morphology, and distensibility, which are very important in patient selection. As such, they do not attempt in patients with patch reconstruction of the RVOT and very distensible homograft. Nordmeyer et al.[@B27] reported that in cases of stent fracture, residual stenosis, repeat valve implantation is an effective treatment method for device failure and lengthen the freedom from reintervention. McElhinney et al.[@B30] reported recent results of US Melody valve trial that implant within an existing stent, new prestent, or bioprosthetic valve was associated with longer freedom from stent fracture. And valve compression and apposition to anterior chest wall were associated with short freedom from stent fracture.

Medium-term follow-up is good, and regurgitation due to degeneration of valve leaflet is very rare. Calcification of valve leaflets during the late follow-up is also rare. In late explants, there is very little endothelialization of the valve inside the stent. Freedom from reoperation was 70% at 5 years and freedom from transcatheter reintervention was 73% at 5 years. Survival at 83 months is 96.6%.[@B26] In terms of valve failure, more data is needed because follow up period is a little short.

Summary
=======

Percutaneous pulmonary valve implantation is safe and effective method of treatment in patients with repaired congenital heart disease. Medium follow-up data shows good freedom from reoperation and valve implantation can delay open heart surgery. But care should be taken before procedure to evaluate possible coronary compression by stent or percutaneous valve implantation. Stent fractures were not uncommon after valve implantation and more likely in patients with severely obstructed conduits and located directly behind the anterior chest wall. However, it can be managed by reintervention with second stent. More careful consideration of RVOT morphology and prestent with bare metal stent maybe a good procedure before transcatheter pulmonic valve implantation. Long-term follow-up study is needed to evaluate valve function.
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Indications for percutaneous pulmonary valve implantation[@B12][@B17][@B28]
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RVOT: right ventricular outflow tract obstruction, PR: pulmonary regurgitation, RV: right ventricle
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Summary of recent percutaneous pulmonic valve implantation
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Age, weight are expressed as median values and follow-up duration is expressed as mean value. FU: follow-up, Mo: months, PA: pulmonary artery, NA: not available
